Abstract-In this paper we report on the modeling of magnetic losses in laminated non oriented SiFe alloys, used in electromagnetic devices. It is shown that the integrated lamination dynamic Preisach model allows us to optimize the microstructure taking into account the (distorted) unidirectional flux patterns, appearing in the application. The experimentally obtained effects of the average grain size and the crystallographic texture on each material parameter defined in the Lorentzian-Preisach distribution function and on the switching parameter in the dynamic Preisach model are exploited.
I. INTRODUCTION
T O improve the performance of electromagnetic devices, like electrical machines and transformers, attention must be paid to overall losses in general and to the iron losses in particular. Classically, electrical steel is characterized and qualified by means of standards which are based on simple, unidirectional sinusoidal flux excitations using e.g. Epstein, ring core or single sheet measurement equipment. Generally, the measured iron losses in electromagnetic devices exceed the value which is obtained by multiplying the weight of the steel in the device by the loss density specified by standard measurements (unidirectional sinusoidal excitation). Among the reasons for this high experimental value one must mention: nonuniform distorted flux distribution, local rotational excitations, short-circuit between neighboring laminations, changes in the magnetic characterisatics due to the mechanical treatment [1] . Therefore, a profound study of the material behavior of electrical steel under application conditions is very important. This study is of relevance both for the producers of electrical steel as for the machine constructors. This importance originates from the increasing requirements set for high performance machines. Moreover, an improved understanding of the phenomena inside the machine core is an indispensable step in the process of developing electromagnetic devices with a higher efficiency, thus lower core losses, an argument resulting from the growing concern for energy conservation. For the producers of electrical steels, interested in improving the material quality, it is important to know the material behavior not only under prescribed, strongly simplified conditions, but also under the realistic conditions in electromagnetic devices. Here, the relation between the electromagnetic behavior and the microstructure of the electrical steel is crucial as the microstructure is directly related to the material production and treatment techniques. The knowledge of the material behavior under application conditions is also valuable for the machine constructors, with regard to the material choice when optimizing the design of the device. A good description of the magnetic behavior of ferromagnetic materials may start from the well known magnetization processes, like the movement of magnetic domain walls, domain nucleation, rotation of magnetic domains, and from microstructural features affecting this behavior like the presence of lattice effects, grain boundaries, texture, stresses. A mathematical and/or physical material model becomes valuable when these microstructural features are translated into quantitative predictions of quasistatic and dynamic hysteresis loop shapes. The establishment of the correlation between the macroscopic magnetic properties, such as the electromagnetic losses, and the microstructural features plays a crucial role in the adaptation of material production technologies to improve the material quality.
II. ELECTROMAGNETIC LAWS: 1D-LAMINATION MODEL
As the magnetic circuits of electromagnetic devices are often composed of stacked laminated cores, we restrict our considerations to a 1D-lamination model with the -axis chosen perpendicular to the lamination. For an unidirectional time dependent flux , the magnetic induction and the magnetic field are assumed to be parallel, i.e. and . Moreover, the electric field and the current density are parallel too, i.e.
, where according to Ohm's law ( the electrical conductivity). A lot of interest has been devoted to numerical methods for solving Maxwell's equations in magnetic cores, combined with advanced hysteresis models. Here, the magnetic behavior of ferromagnetic laminations, with thickness , can be described in terms of the macroscopic fields, taking into account the interacting hysteresis and eddy current phenomena. Neglecting the edge effects, one obtains the well known transient diffusion equation, [2] :
We complete (1) with the boundary conditions (BC's) (2) 0018-9464/00$10.00 © 2000 IEEE and initial condition (IC) (3) According to the statistical loss theory [3] , the calculation of the total losses is based on the separation of losses into three types: the hysteresis losses , the classical eddy current losses , also called the classical losses, see [3] , and finally the excess losses . Under sinusoidal unidirectional flux and when neglecting skin effects, the classical losses and the excess losses in non oriented SiFe alloys may be written as (4) Here, is a fitting parameter with the dimensions of a magnetic field, describing microstructural features like grain size and crystallographic texture, see [4] . stands for the cross-sectional area of the lamination, while is a geometrical constant. Moreover, and are the amplitude of the magnetic induction and the frequency of the enforced sinusoidal flux.
Starting from (1), (2) and (3), the total energy per unit volume added to the lamination during the time interval equals
The integrals in (5) can be evaluated on a local basis, starting from the functions and obtained from (1)- (3). When equals one period , the total iron losses per cycle are (6) (7) In [5] it is shown that the first term in the RHS of (5) corresponds to the classical losses , while the second term gives rise to the hysteresis and excess losses .
III. PREISACH MODELING
The Preisach hysteresis model, initially introduced in [6] and further developed extensively [7] , is one of the most accurate methods of describing the hysteresis effects appearing in magnetic materials. The material is described by a set of dipoles, each with a non symmetric square loop with up and down switching fields and . In the classical Preisach model (CPM), under the action of the magnetic field , a given elementary dipole will be in the up state when and in the down state when . In the case that , the loop state will depend on the history of the magnetic field , denoted by (Please see the equation at the bottom of the page.) In (8) , is the last extreme value kept in memory outside the interval . Notice that in this paper, the demagnetising effects are neglected, [8] . The Preisach function (PDF) gives the statistical distribution of the elementary dipoles. The magnetic features governing the electromagnetic behavior of the material are stored in this function. The resulting magnetization of the entire material is obtained from the accumulated magnetization of all the dipoles. Correspondingly, the magnetization takes on the following form:
(9) One of the crucial problems when using the Preisach model is the determination of e.g. from a convenient set of experimental quasi-static -loops, [8] .
can be reconstructed accurately by measuring a set of symmetric hysteresis loops of variable amplitude, chosen so as to cover uniformly as much as possible the major -loop, [9] , [10] . As the CPM is rate-independent, the area enclosed by the magnetization loops obtained from this hysteresis model is frequency independent and thus can not describe the excess losses, as they are more than proportional to the frequency, see [5] . Therefore, we must pass to the dynamic Preisach model (DPM) [11] , in which the dipoles switch at a finite rate, proportional to the difference between the magnetic field and the elementary loop fields and . Explicitly, the evolution in time of the magnetization is given by and and in the other cases.
Notice that the switching of the dipoles is rate dependent and thus may take any value between and . It is shown in [5] that the extra area enclosed by the -characteristic, as compared with the CPM-case, corresponds to the excess losses .
IV. COMBINED LAMINATION-DYNAMIC PREISACH MODEL
To built up a numerical model which includes the three types of losses, i.e. the hysteresis losses, the excess losses and the classical losses, as defined in [3] , a combined lamination-dynamic or and or and (8) Preisach model (CL-DPM) is considered, [12] . Equation (1) becomes, see also [12] : (11) when replacing in (1) by the time derivative of the RHS of (9), taking into account (10) . The coefficients and in (11) take the form:
The regions and appearing in (12)- (13) are regions in the -plane, corresponding to dipoles in an intermediate state, switching to positive and negative saturation respectively. and are space and time dependent through and . We refer to [12] for a numerical approximation method, based upon a modified finite element-Crank Nicholson method for the highly nonlinear parabolic problem consisting of (11), the BC's (2) and the IC (14) adapted to the Preisach model. The accuracy of the CL-DPM and of the numerical method developed has been investigated by numerous experiments [8] . It was shown both numerically and experimentally that the model gives rise to the correct frequency and magnetization dependence of the electromagnetic losses in steel laminations [5] . A very good agreement was obtained between the measured and the computed material response, even for the minor loops that result from the distortion of the enforced flux pattern . To illustrate the correctness of the CL-DPM, we recall in Fig. 1 the correspondence between the measured -loop and the one calculated from (11), (10) , (14) and (2) . The experimental verification shows that it is allowed to define local constitutive hysteresis relations in (1) in order to include in an average and/or statistical way the magnetic domain wall processes.
V. MICROSTRUCTURAL FEATURES
In order to simplify the study of the relation between the material parameters in the CL-DPM and microstructural properties of electrical materials, we proceed with an analytical expression of the Lorentzian type for the PDF, see also e.g. [11] : (15) is the Kronecker delta symbol while and are fitting parameters.
Notice that the first term in the RHS of (15) only represents Preisach dipoles for which , i.e. dipoles that contribute only to reversible processes. The second term gives rise to dipoles fully responsible for the hysteresis losses. The relation between and is now given by
The coefficients and in (11) now become:
(17) and (18) The reversible differential permeability entering (11) equals:
To study the relation between the microstructural features of electrical steels and the seven parameters appearing in the CL-DPM, i.e. the six parameters and corresponding with the quasistatic behavior of the material [see (15)], and the seventh parameter related to the dynamic behavior of the material [see (10)], six materials have been considered. These six materials, having the same composition, differ by the average grain size (see Table I ) but show the same crystallographic texture and the same normalized grain size distribution. For each material, we cutted strips, considering seven directions to the rolling direction of the sheet (0, 15, 30, 45, 60, 75, 90 degrees). Quasistatic as well as dynamic measurements are performed for each of the six materials and for each cutting direction (42 cases, i.e. 6 grain sizes and 7 cutting directions). From the microstructural measurements, we may conclude that, when analysing the magnetic properties of the strips of the six materials considering a fixed cutting angle, the influence of the grain size on the magnetic properties may be studied. When focusing on one material and studying the variation of the magnetic material properties in terms of the cutting angle, the texture dependency may be determined. In this way, the influence of the grain size on the parameters and in the CL-DPM may be separated from the influence of the texture. The fitting is done in two steps. The first step is based on the quasistatic characterization, while the second one is based on the dynamic properties. During the first step, the first 6 parameters are fitted in such a way that the measured hysteresis losses are well approximated by the hysteresis losses , calculated by the Preisach model, i.e. 
where is the magnetic field corresponding with . To fit the three parameters and for the 42 cases we use the characteristic giving the relation between the hysteresis losses and the magnetic field , according to (21). The results for Mat.1 are given in Fig. 2 . The 3 parameters and are fitted in such a way that (22) is fulfilled. Fig. 3 shows for Mat.1 the -component corresponding with the 1st component of the RHS of (16). The excess losses in the electrical steels are described by the parameter , defined in (10) . The fitting of this parameter is performed in such a way that the measured iron losses , under sinusoidal flux conditions, equal the iron losses that are calculated with the CL-DPM for different induction levels and for different frequencies, i.e.
(23) The analysis is given in detail in [13] . The results may be summarized as follows: (24) (25) (26) (27) Here is the average grain size, is the cutting angle to the rolling direction and is a monotonically increasing normalized function, as shown in Fig. 4 . In addition the constants entering (24)-(27) are .
VI. MICROSTRUCTURAL OPTIMIZATION
By the research, described in [13] , we are able to point out the correlation between microstructural properties, like average grain size and crystallographic texture on one side, and the material parameters in the Preisach theory, describing the macroscopic behavior of electrical steels, on the other side. By this knowledge, combined with the CL-DPM, the microstructure of the magnetic material may be optimized when taking into account the actual flux waveform appearing in the application. This optimization strategy is as follows: (11) , (14) , (17), (18), (19) and (2) . First, the numerical simulations for the 42 cases (for each of the six grain sizes, 7 cutting angles) have been performed imposing a sinusoidal flux, i.e.
. In particular we focused on the cases of Hz, Hz and Hz ( Tesla). For these calculations, we used 8000 Preisach dipoles described by (10) . Fig. 5 shows the nummerically obtained hysteresis losses (area -loop for Hz and ) as a function of average grain size and cuttting angle. One may observe that the lowest hysteresis losses are obtained at the highest grain size, see also [14] . Figs. 6 and 7 depict the excess losses and the total losses for 50 Hz. The total losses have been obtained from the area of the -loops obtained for
Hz while the excess losses have been evaluated by substracting the hysteresis losses from the total losses, see Fig. 5 , and the classical losses, evaluated by the first term of the RHS of (5). One observes that for a fixed cutting angle , the excess losses decreases with decreasing grain size. From Figs. 7 and 8 it is seen that for a fixed cutting angle, in order to minimize the total losses, one may find optimal grain size(s) depending on the frequency.
Similar results may be obtained for distorted flux patterns. Consider the case of the distorted flux pattern of Fig. 1 . The dependency of the total losses on the grain size and the cutting angle is given in Fig. 9 . The total losses are minimal when mm and .
VII. CONCLUSION
In this paper, it is shown that the combined lamination-dynamic Preisach model becomes valuable when the microstructural properties, like grain size and crystallographic texture, are translated, into quantitative predictions of quasi static and dynamic hysteresis loops. This relation between the microstructural properties and the macroscopic behavior of the magnetic material is precisely predicted by the integrated lamination-dynamic Preisach model. This allows us to optimize grain size and texture, taking into account the electromagnetic conditions, i.e. the distorted flux pattern, in the application.
